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Network activity homeostatically alters synaptic effi-
cacy to constrain neuronal output. However, it is
unclear how such compensatory adaptations coexist
with synaptic information storage, especially in es-
tablished networks. Here, we report that in mature
hippocampal neurons in vitro, network activity pref-
erentially regulated excitatory synapses within the
proximal dendrites of CA3 neurons. These homeo-
static synapses exhibited morphological, functional,
and molecular signatures of the specialized contacts
between mossy fibers of dentate granule cells
and thorny excrescences (TEs) of CA3 pyramidal
neurons. In vivo TEs were also selectively and bidi-
rectionally altered by chronic activity changes. TE
formation required presynaptic synaptoporin and
was suppressed by the activity-inducible kinase,
Plk2. These results implicate the mossy fiber-TE
synapse as an independently tunable gain control
locus that permits efficacious homeostatic adjust-
ment of mossy fiber-CA3 synapses, while preserving
synaptic weights that may encode information else-
where within the mature hippocampal circuit.
INTRODUCTION
Neuronal activity is capable of bidirectionally modifying the
strength and size of excitatory synapses in the central nervous
system, often by altering the postsynaptic accumulation of
AMPA-type glutamate receptors (AMPARs) and dendritic spine
morphology (Malinow and Malenka, 2002). Activity-dependent
negative feedback mechanisms such as homeostatic synaptic
plasticity (HSP) constrain the strength of excitatory transmis-
sion, promoting network stability (Turrigiano, 2008). However, it
remains unclear how homeostatic synaptic adjustments are
implemented without perturbing associative (Hebbian) plas-
ticity-generated information potentially encoded as patterns of
differential synaptic strength.In developing neurons, a form of HSP called synaptic scaling
has been described in which a uniform, global multiplicative
change occurs in all excitatory synapses (Turrigiano et al.,
1998), thereby preserving relative synaptic weights (Turrigiano
and Nelson, 2000). In older neurons, however, homeostatic
changes at excitatory synapses do not seem to occur by multi-
plicative scaling (Burrone et al., 2002; Echegoyen et al., 2007;
Goel and Lee, 2007; Thiagarajan et al., 2005; Wierenga et al.,
2006). This developmental switch suggests the existence of an
alternate, unidentifiedmechanism for the coexistence of homeo-
static and associative plasticity in the adult brain.
Here, we found that homeostatic adaptation of excitatory
synapses in mature hippocampal neurons occurred predomi-
nantly via regulation of thorny excrescences (TEs), enigmatic
dendritic spines whose functions have remained elusive a
century after their initial description (Ramon y Cajal, 1911).
In vivo, TEs are giant complexes of multiple spine heads with
discrete active zones on a single neck, found mainly on proximal
dendrites of hippocampal CA3 pyramidal cells apposed to
equally large mossy fiber terminals of dentate gyrus (DG) granule
cells (Amaral and Dent, 1981; Chicurel and Harris, 1992). TEs are
highly plastic andmorphologically responsive to diverse environ-
mental inputs (Galimberti et al., 2006) including disease states
(Kolomeets et al., 2007; Tsamis et al., 2010), stress and learning
(Stewart et al., 2005), and hormonal stimuli (Hatanaka et al.,
2009), but their physiological functions are poorly understood.
We demonstrate that mossy fiber-TE synapses provide indepen-
dently tunable excitatory gain control in dedicated CA3 proximal
dendritic domains, thereby permitting homeostatic adjustment
without perturbing synaptic information storage at other synaptic
contacts within the hippocampal network.
RESULTS
Homeostatic Adaptation at Proximal but Not Distal
Synapses
To investigate mechanisms of HSP in established networks, we
manipulated the activity state of mature (>21 days in vitro [DIV])
cultured hippocampal neurons. Chronic inactivity, induced with
the reversible sodium channel blocker tetrodotoxin (TTX, 1 mM,
24 hr), increased both the amplitude and frequency of AMPAR-
mediated miniature excitatory postsynaptic currents (mEPSCs)Neuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc. 99
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Figure 1. Homeostatic Changes Are Confined to Proximal Dendrites
(A and B) Cultured hippocampal neurons were treated at DIV 21with TTX (left), vehicle (nontreated, NT) (center), or PTX (right) before immunostaining (A) or whole-
cell recording (B). (A) Immunostaining for excitatory synapticmarker Shank (green) and dendritic markerMAP2 (red). (B) Representative 10 s voltage-clamp traces
of AMPAR-mediated mEPSCs.
(C–E) Average mEPSC amplitude (C), frequency (D), and rise time (E) from neurons with indicated treatments (n = 21–29 cells/group). *p < 0.05, **p < 0.01, ***p <
0.001 versus NT.
(legend continued on next page)
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapses(nontreated [NT]: 8.5 ± 0.47 pA, 5.5 ± 0.47 Hz; TTX: 12.1 ±
0.92 pA, 9.3 ± 0.87 Hz; p < 0.001 versus NT; one-way ANOVA
and post hoc Tukey test), while chronic hyperactivity, induced
by the GABAA receptor antagonist picrotoxin (PTX, 100 mM,
24 hr), decreased both mEPSC amplitude and frequency (PTX:
6.1 ± 0.34 pA, 3.6 ± 0.41 Hz; p < 0.01 versus NT) (Figures 1B–
1D). These results support previous reports of bidirectional com-
pensatory changes in synaptic efficacy after network activity
alterations (O’Brien et al., 1998; Pak and Sheng, 2003; Seeburg
et al., 2008; Thiagarajan et al., 2005; Turrigiano et al., 1998).
To determine whether HSP occurred uniformly throughout the
dendritic tree, we examined excitatory synapses via immuno-
staining against the scaffold protein Shank, a postsynaptic
density (PSD) marker. Under basal conditions we observed a
uniform distribution of Shank puncta along dendrites of pyra-
midal neurons (Figures 1A, 1F, and 1G; see Experimental
Procedures for morphological identification). In parallel to the
observed changes in mEPSCs, PTX provoked a loss of
Shank while TTX markedly increased Shank levels (Figure 1A).
Interestingly, these changes occurred exclusively within prox-
imal dendrites (0–40 mm from soma), with no change observed
distally (>40 mm) (Figures 1F and 1G) (p < 0.001 versus NT;
one-way ANOVA and Tukey test). Similar results were found
for other PSD proteins, including PSD-95 (Figure 1G), Homer,
a-actinin, and SPAR (data not shown). The vast majority of
PSD-95/Shank puncta included in our analyses were apposed
to presynaptic markers bassoon or synaptophysin in both prox-
imal and distal dendrites, under basal and TTX-treated condi-
tions (see Figures S1A–S1B available online, and Figures 4G
and S4G) and thus likely represented authentic synapses.
Miniature EPSCs originating at proximal synapses have faster
kinetics than distal ones when recorded at the soma, due to
distance-dependent dendritic filtering (Forti et al., 1997; Magee
andCook, 2000). Indeed, AMPAR-mEPSC rise timeswere signif-
icantly faster with TTX and slower with PTX (in ms: NT 4.4 ± 0.19,
TTX 3.5 ± 0.16, PTX 4.9 ± 0.15; p < 0.05 versus NT; one-way
ANOVA and Tukey test) (Figure 1E), suggesting that the propor-
tion of proximal synaptic events is increased with inactivity and
diminished with overactivity.
Proximal PSD-95 upregulation was also observed with 24 hr
activity blockade using antagonists of NMDARs (APV, 100 mM),
AMPARs (CNQX, 40 mM), or L-type voltage-gated calcium chan-
nels (nimodipine, 5 mM) (TTX: 324.8% ± 40.6% of NT, nim:
300.2% ± 48.7%, APV: 237.8% ± 18.5%, all p < 0.001 versus
NT; CNQX: 160.8% ± 14.9%, p > 0.05; one-way ANOVA and
Tukey test) (Figures 1H and 1I). Under no conditions did we
observe changes in distal synapses. Proximal adaptation was
calcium-mediated, as elevating cytosolic Ca2+ via thapsigargin
(1 mM)-mediated emptying of internal stores (Reyes and Stanton,
1996) abolished the proximal upregulation seen in all activity(F) Shank staining in dendrites straightened to show distance from soma (dashe
(G) Integrated intensity of Shank (solid lines) or PSD-95 (dotted) staining with dis
(H) PSD-95 (green) and MAP2 (red) staining of neurons treated for 24 hr with vehic
(right) of thapsigargin (thaps).
(I) PSD-95 immunoreactivity in proximal dendrites (<20 mm) of neurons (n = 10) in co
0.001 versus thapsigargin.
All scale bars, 20 mm. Data are means ± SEM. See also Figure S1.conditions tested (TTX+thaps: 75.4% ± 9.0% of NT; nim+thaps:
35.5% ± 5.9%; APV+thaps: 89.4% ± 16.6%; CNQX+thaps:
52.0% ± 9.0% of NT; all p < 0.05 versus no thaps; one-way
ANOVA and Tukey test) (Figures 1H and 1I). Conversely, removal
of extracellular Ca2+ with EGTA (1.5 mM) induced a time-depen-
dent, reversible proximal upregulation (Figures S1C and S1D).
TTX-induced proximal upregulation was also reversible after
48 hr of washout (Figures S1C and S1D), indicating a lack of
nonspecific toxicity.
Functional Adaptation at Proximal but Not Distal
Synapses
To directly test if HSP of excitatory synapses were confined to
proximal dendrites in mature hippocampal neurons, we locally
stimulated synaptic subpopulations by pressure-applying hy-
perosmolar sucrose (Bekkers and Stevens, 1996; Magee and
Cook, 2000) to proximal (<30 mm) and distal (>100 mm) portions
of dendrites from control and activity-manipulated pyramidal
neurons (Figures 2A and 2B). Sucrose application successfully
evoked synaptic currents at all locations (shown by a significant
increase in mEPSC frequency over baseline) (Figures S2A and
S2B) and, as expected, proximal events were significantly faster
than distal ones evoked on the same dendrite (Figure S2D).
Following activity manipulation, we observed bidirectional
changes in the frequency of events evoked proximally (Fig-
ure S2A) with no significant differences in distal event frequency
(Figure S2B). We also observed bidirectional changes in the
amplitude of proximally evoked mEPSCs (PTX 7.6 ± 1.58 pA,
NT 9.9 ± 1.07 pA, TTX 14.1 ± 1.75 pA; p = 0.026, one-way
ANOVA) with no corresponding changes in distal amplitude
(PTX 6.3 ± 1.06 pA, NT 8.1 ± 0.74 pA, TTX 10.0 ± 0.98 pA; p =
0.052, one-way ANOVA) (Figures 2C and S2C). Distal stimulation
elicited currents of similar ‘‘synaptic weight’’ (evoked versus
baseline amplitude) in all activity conditions (NT 11.2% ± 4.4%
increase over baseline; TTX 15.4% ± 6.9%; PTX 5.7% ± 6.0%;
p = 0.58, one-way ANOVA), suggesting that distal synaptic
strength remained constant relative to the global synaptic popu-
lation (Figure 2D). However, the relative amplitude of proximal
synapses was much larger in TTX-treated neurons and smaller
in PTX-treated neurons (NT 27.8% ± 4.1% increase over base-
line; TTX 60.0% ± 13.5%; PTX 13.4% ± 7.4%; p = 0.0093,
one-way ANOVA) (Figure 2D). Thus, proximal synaptic weight
was preferentially altered by network activity.
The higher frequency and amplitude of TTX-treated neurons
(Figures 1C and 1D) raised the possibility that the increased
proximal amplitude observed with local stimulation may be due
to the collision of monoquantal events or to contamination of
the evoked population by events originating elsewhere in the
dendritic tree. We therefore bath applied the nonselective gluta-
matergic antagonist kynurenic acid (KynA, 200 mM) to globallyd line).
tance from soma. ***p < 0.0001 versus NT (n = 12 cells/group).
le (NT), TTX, Nimodipine (nim), APV, or CNQX in the absence (left) or presence
nditions indicated, normalized toNT. ***p < 0.001 versus NT; +p < 0.05, +++p <
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Figure 2. HSP Selectively Regulates Proximal Synaptic Efficacy and AMPAR Accumulation
(A) Representative 500 ms traces of mEPSCs recorded during proximal (left) and distal (right) stimulation of control (NT) or activity-modulated neurons.
(B) DIC image of neuron stimulated focally at proximal (15 mm from soma, see inset) and distal (120 mm) dendritic locations. Scale, 20 mm.
(C) Average mEPSC amplitude recorded before (baseline) or after (sucrose) stimulation of proximal and distal synapses for conditions indicated (n = 11 NT
neurons, 12 TTX, 5 PTX); ns, not significant; **p = 0.0048, ***p = 5.91 3 106, paired t test versus baseline.
(legend continued on next page)
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapsesdiminish mEPSC amplitude and therefore detected frequency
(Mellor and Nicoll, 2001). The low-affinity binding of KynA
allowed the blockade to be rapidly and locally displaced by
sucrose application (Figure 2E). During KynA blockade, baseline
mEPSC amplitude and frequency did not differ significantly
between control and TTX-treated neurons (NT 7.7 ± 0.68 pA,
3.9 ± 0.99 Hz; TTX 8.7 ± 0.46 pA, 3.0 ± 0.93 Hz; p > 0.21), and
mEPSC frequency was comparable after proximal stimulation
(NT 13.4 ± 1.55 Hz; TTX 12.5 ± 4.17 Hz; p = 0.828). However,
we again observed a large increase in the amplitude of proxi-
mally evoked mEPSCs (NT 6.9 ± 0.34 pA,; TTX 10.1 ± 1.53 pA;
p = 0.027, one-way ANOVA and Tukey test) with no change in
distal amplitude (NT: 6.4 ± 0.40 pA; TTX 7.3 ± 0.31 pA; p >
0.05) (Figure 2F). Together with the morphological data, these
results indicate that proximal synapses are selectively altered
by activity.
Consistent with previous reports (O’Brien et al., 1998; Wier-
enga et al., 2005), chronic inactivity induced robust increases
in surface and total levels of both GluA1 (Figures 2G and 2H)
and GluA2 (Figure 2I) AMPAR subunits. However, these in-
creases were observed only at proximal synapses (surface
GluA1: NT 1.0 ± 0.06, TTX 2.6 ± 0.19; total GluA1: NT 1.0 ±
0.24, TTX 2.0 ± 0.25; surface GluA2: NT 1.0 ± 0.17, TTX 1.7 ±
0.30; total GluA2: NT 1.0 ± 0.11, TTX 1.5 ± 0.12; p < 0.05,
t test versus NT), with no changes observed in distal dendrites
(surface GluA1: NT 1.00 ± 0.09, TTX 1.05 ± 0.08; total GluA1:
NT 1.00 ± 0.25, TTX 1.06 ± 0.15; surface GluA2: NT 1.00 ±
0.16, TTX 0.94 ± 0.19; total GluA2: NT 1.00 ± 0.14, TTX 1.17 ±
0.13; p > 0.38, t test versus NT) (Figures 2G–2I). The increase
was more pronounced for GluA1 than GluA2, and indeed homo-
meric GluA1 AMPARs have been reported to mediate homeo-
static adaptation in response to certain inactivity paradigms
(Thiagarajan et al., 2005). However, philanthotoxin-433 (PhlTx,
1 mM), which blocks AMPARs lacking the GluA2 subunit, did
not revert the increased amplitude or faster rise time in TTX-
treated neurons to control levels, but in fact increased mEPSC
amplitude further (TTX+PhlTx: 106.8% ± 2.7% of TTX; p =
0.02, paired t test) (Figures S2E–S2G). Unlike AMPARs, levels
of the obligatory GluN1 subunit of NMDARs were not increased
in TTX-treated proximal dendrites (Figures S2H–S2J). Homeo-
static strengthening in mature neurons therefore appears to
occur via preferential insertion of GluA1/2 heteromeric AMPARs
into proximal synapses.
Homeostatic Adaptation to Inactivity Occurs
Preferentially in CA3 Neurons
In our initial studies, we found that 70% of morphologically
identified pyramidal neurons responded homeostatically, as(D) Percent change in mEPSC amplitude over baseline during proximal and dista
(E) Miniature EPSCs recorded from a control (top) and TTX-treated (bottom) neuro
and distal dendrites.
(F) Mean mEPSC amplitude evoked during kynurenic acid blockade (n = 4 NT, 5
(G) Immunostaining for surface GluA1 (sGluA1, red) and PSD-95 (green) in prox
Scale, 10 mm.
(H and I) Quantification of normalized GluA1 (H) and GluA2 (I) immunoreactivity in
distal dendrites, t test versus NT: surface GluA1, p = 0.71; total GluA1, p = 0.83;
Data are means ± SEM. See also Figure S2.assayed by either immunocytochemistry or electrophysiology.
To determine whether HSP occurred only in a subset of excit-
atory cell types, we used established immunocytochemical
markers to distinguish among the three major excitatory cell
types of the hippocampus, namely CA1/CA3 pyramidal neu-
rons and DG granule cells. Immunostaining for CTIP2, a tran-
scription factor expressed in CA1 and DG but not CA3 neurons
(Williams et al., 2011; Figure S3A), revealed that most CTIP2-
negative (putative CA3) neurons displayed robust proximal
synaptic upregulation in response to TTX (NT 2.2% ± 1.5%;
TTX 78.3% ± 4.2%), while proximal immunoreactivity was
not altered in CTIP2-positive (DG/CA1) neurons (NT 1.0% ±
2.01%; TTX 3.8% ± 3.8%; p = 0.25, t test versus NT) (Figures
3A and 3B).
To confirm that HSP was CA3-specific, we used Py anti-
body to positively label CA3 neurons (Woodhams et al., 1989;
Williams et al., 2011). Under basal conditions, few CA3 cells dis-
played proximal upregulation (Figure 3C). PTX treatment further
decreased this percentage, while TTX caused the great majority
of CA3 cells to develop proximal dendritic PSD-95 clusters (NT
14% ± 4%; TTX 91% ± 2.8%; PTX 4% ± 1.6%; p < 0.05, t test
versus NT) (Figures 3C and 3D). Total Shank immunoreactivity
was bidirectionally modulated in proximal, not distal, dendrites
of Py+ CA3 neurons (proximal: NT 1.0 ± 0.12, TTX 4.9 ± 0.82,
PTX 0.3 ± 0.04; p < 0.001; distal: NT 0.8 ± 0.10, TTX 1.1 ±
0.17, PTX 0.9 ± 0.08; p > 0.27; t test versus NT) (Figure 3E).
Within the CTIP2+ subpopulation, DG cells were readily dis-
tinguished by having smaller somata and fewer primary den-
drites than CA1 cells (Figures S3A–S3D). We confirmed that
these morphologically identified DG cells were immunopositive
for the DG-specific transcription factor Prox1 (Williams et al.,
2011) and were unresponsive to TTX treatment (Figure S3E).
CA3 cells had 5–7 primary neurites which were thicker and
branched closer to the soma than CA1 cells which had more
and thinner primary neurites (Figures S3A–S3D and data not
shown). We therefore used these morphological criteria to
record cell type-specific functional responses in GFP-trans-
fected neurons.
Importantly, CA3 neurons exhibited increased mEPSC ampli-
tude and frequency with TTX (NT: 9.0 ± 1.2 pA, 5.7 ± 1.4 Hz; TTX:
13.2 ± 1.0 pA, 19.2 ± 2.9 Hz, p < 0.05, t test versus NT), whereas
neither parameter was significantly altered in DG or CA1 neurons
(DG: NT, 10.2 ± 0.53 pA, 8.5 ± 1.3 Hz; TTX, 9.0 ± 0.94 pA, 10.1 ±
2.4 Hz; CA1: NT, 12.5 ± 1.4 pA, 4.8 ± 2.1 Hz; TTX, 12.3 ± 1.9 pA,
9.9 ± 3.5 Hz; p > 0.26 versus NT) (Figures 3F–3H). Collectively,
these findings suggest that homeostatic adaptation of mature
hippocampal neurons occurs preferentially in the proximal den-
drites of CA3 neurons.l stimulation. **p = 0.009.
n during kynurenic acid blockade. Bars indicate sucrose stimulation of proximal
TTX). *p = 0.027.
imal (left) and distal (right) dendrites of control (NT) or TTX-treated neurons.
proximal and distal dendrites (n = 11–13). *p < 0.05, **p < 0.01, ***p < 0.001. For
surface GluA2, p = 0.81; total GluA2, p = 0.38.
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Figure 3. Proximal HSP Occurs Preferen-
tially in CA3 Neurons
(A) Cultured hippocampal neurons (>DIV 21)
treated with vehicle (NT) or TTX and immuno-
stained for MAP2 (green), PSD-95 (red), and CA1/
DG-specific marker CTIP2 (blue; dotted circle
indicates CTIP2-negative neuron). Open arrow-
head, CA3; filled arrowhead, CA1; arrow, DG.
(B) Proportion of CTIP2-positive and -negative
neurons with proximal PSD-95 upregulation under
activity conditions indicated. ***p = 7.71 3 106,
n = 4 independent experiments of 100–150
neurons/treatment.
(C) Neurons immunostained for excitatory syn-
aptic marker Shank (red) and CA3 pyramidal
neuron marker Py (green) in control (NT) and TTX
conditions.
(D) Proportion of Py+ CA3 neurons with proximal
upregulation under activity conditions indicated
(n = 100 from 10 independent experiments). *p <
0.05, ***p < 0.001.
(E) Shank immunoreactivity in proximal and distal
dendrites from control and activity-modulated
CA3 neurons (n = 10). ***p < 0.001.
(F) GFP-transfected CA3, DG, and CA1 neurons
visualized at time of recording.
(G and H) Average mEPSC amplitude (G) and
frequency (H) recorded from GFP-expressing
CA3, DG, or CA1 cells (n = 5–15) under condi-
tions indicated; ns, p > 0.26; *p = 0.016, ***p =
2.3 3 104.
Scale bars, 20 mm. Data are means ± SEM.
See also Figure S3.
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Homeostatic Plasticity of Mossy Fiber-CA3 SynapsesChronic Inactivity Generates Giant Multisynaptic
Proximal Spines
The proximal dendrites of CA3 neurons in vivo are the site
of ‘‘thorny excrescences,’’ large, specialized dendritic spines
containing multiple postsynaptic sites. We therefore examined
whether proximal CA3 homeostatic adaptation proceeded via
formation of in vitro thorny excrescences. We visualized spine
morphology by infecting neurons with Sindbis virus expressing
enhanced green fluorescent protein (GFP) as a neuronal fill
(Figures 4A–4C). TTX induced a pronounced increase of prox-
imal spine head size (NT 0.30 ± 0.01 mm2; TTX 0.50 ± 0.04, p <
0.001, t test versus NT), with no change in distal spine head
area (NT 0.25 ± 0.01 mm2, TTX 0.24 ± 0.01; p = 0.7 versus NT)
(Figures 4A and 4B). This effect was due to selective enlarge-
ment of the largest spine population rather than uniform global
expansion (Figure 4C). Remarkably, the largest spine sizes104 Neuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc.attained in TTX were 10 times the
mean head area and 50 times the
mean volume of control spines (Fig-
ure S4A). TTX did not alter spine or filopo-
dia density or spine length, however
(Figures S4B–S4D), suggesting that
chronic inactivity does not influence
general spine formation or maintenance.
We investigated whether these giant
proximal spines contained expanded syn-apses, as previously observed following inactivity (Carpenter-
Hyland and Chandler, 2006; Murthy et al., 2001; Thiagarajan
et al., 2005). Costaining for PSD-95 and GFP fill (Figure 4A)
showed that spine head size was strongly correlated with total
PSD-95 immunoreactivity under all conditions tested (Fig-
ure S4E). Surprisingly, we observed at higher magnification that
the enlarged proximal spines formed with TTX frequently con-
tained not simply larger synapses, but clusters of normal-sized
synapses (Figures 4A and 4D). Such ‘‘cluster synapses,’’ appear-
ing exclusively on proximal dendrites, formed within 4 hr in TTX
(Figures 4E and 4F), after which cluster number quickly rose
and plateaued by 24 hr (Figure S4F), attaining an average of
64 (andmaximum of130) clusters per cell at 72 hr (Figure 4E).
The number of PSD-95 puncta per cluster increased linearly
as a function of time, with a mean of 8 (and upper limit of 40)
PSDs per spine at 72 hr (Figure S4F). Thus, we observed
Neuron
Homeostatic Plasticity of Mossy Fiber-CA3 Synapsesa time-dependent linear increase in total proximal synapses
correlated with the number of giant clusters formed (Figures 4E
and 4F).
To determine whether these multi-PSD clusters represented
bona fide synapses, we costained for Shank and the presynap-
tic marker synaptophysin (Syn). Syn and Shank intensities
strongly correlated at all times (Figures 4G and S4G), and Syn
staining was accordingly increased only within proximal den-
drites following TTX treatment (Figure 4H). Enlarged Shank clus-
ters were precisely apposed to presynaptic sites of commensu-
rate size and complexity; these large Syn clusters were typically
comprised of individually discernible subpuncta paired with
discrete PSDs (Figure 4H). Additional presynaptic markers
bassoon and vGlut1 yielded similar results (data not shown).
No change in the number of presynaptic sites was observed
when Syn clusters were scored as a single bouton (Figure 4H),
indicating that existing presynaptic terminals likely became
elaborated with inactivity, as previously suggested (Thiagarajan
et al., 2005). These results demonstrate that pre- and post-
synaptic specializations are coordinately expanded to form
clustered synapses upon giant proximal spines in response to
inactivity.
In contrast to mature neurons, TTX treatment of immature
CA3 neurons (12 DIV) induced a uniform upregulation of PSD-
95 along dendrites (Figures S4H–S4K), suggestive of synaptic
scaling. These results suggest a developmental switch from
global synaptic scaling in young neurons to spatially segregated
HSP in mature proximal dendrites.
Proximal Clusters Display Properties of Mossy
Fiber-CA3 Synapses
In vivo, CA3 TEs are innervated by the large, complex mossy
fiber (MF) terminals of DG cells. MF boutons preferentially
contact CA3 cells in vitro as well (Williams et al., 2011). MF-TE
synapses in brain are specifically enriched in puncta adherentia
junctions comprised of cadherin-catenin and nectin-afadin cell
adhesion systems (Takai and Nakanishi, 2003). We therefore
examined whether the TTX-induced in vitro clusters contained
l-afadin, an actin-associated scaffold and intracellular adaptor
for nectin adhesion molecules. Under basal conditions, we ob-
served weak l-afadin immunoreactivity at excitatory synapses
(Figure 5A). Chronic inactivity markedly upregulated l-afadin
only in proximal synapses (Figures 5A and 5B) (proximal: NT
1.0 ± 0.31, TTX 3.3 ± 0.50, p < 0.001; distal: NT 0.25 ± 0.08,
TTX 0.40 ± 0.10, p = 0.25; t test versus NT), particularly at giant
cluster synapses in which multiple l-afadin and PSD-95 puncta
were clearly interdigitated (Figure 5A, inset).
Mossy fiber boutons are also selectively marked by the pre-
synaptic vesicle-associated protein synaptoporin (SPO; also
called synaptophysin 2) (Singec et al., 2002). We found that
TTX markedly increased SPO immunoreactivity along proximal
but not distal dendrites (Figures 5C and 5D) (proximal: NT
1.0 ± 0.37, TTX 4.0 ± 1.2, p < 0.05; distal: NT 0.34 ± 0.12, TTX
0.62 ± 0.19, p = 0.24). The TTX-induced proximal cluster
synapses labeled with PSD-95 were apposed to particularly
large puncta immunoreactive for SPO (Figure 5C, insets), indi-
cating that inactivity promotes presynaptic MF elaboration
opposite proximal TE expansion in CA3 cells.We hypothesized that the increase in AMPAR-mEPSC fre-
quency after TTX treatment was due to selective upregulation
of MF-CA3 synapses. We therefore performed a synaptotagmin
uptake assay to determine presynaptic release at SPO-positive
terminals. While TTX treatment again increased proximal SPO
levels (Figures S5A and S5B), inactivity did not significantly
increase either proximal or distal synaptotagmin levels (TTX
proximal: 131.7% ± 17.9% of NT proximal; TTX distal: 41.8% ±
4.8% of NT distal; Figures S5A and S5C). However, TTX
treatment caused a massive redistribution of synaptotagmin to
SPO-positive boutons (NT proximal: 31.8% ± 5.3% synaptotag-
min colocalization with SPO, TTX proximal: 80.9% ± 3.7%;
NT distal: 16.6% ± 4.4%, TTX distal: 52.0% ± 8.7%; p < 0.01;
Figures S5A and S5D), suggesting that inactivity reallocates
presynaptic efficacy toward MF-CA3 synapses as has been
observed in organotypic slice culture (Kim and Tsien, 2008; Mitra
et al., 2012).
Hippocampal MF synapses are the most powerful hippo-
campal synapses known (Henze et al., 1997; Jonas et al.,
1993), making it possible that the inactivity-induced increase in
AMPAR-mEPSC amplitude was due to selective increases in
presynaptic release from these terminals. We therefore quanti-
fied the number of large amplitude mEPSCs (>95th percentile
amplitude value for control neurons, 20 pA) recorded before
and after mGluR2 activation, which is known to block MF trans-
mission in acute slice (Mellor and Nicoll, 2001). Using the synap-
totagmin uptake assay to validate the in vitro MF blockade, we
found that acute mGluR2 agonist application decreased the co-
localization of synaptotagmin with SPO in both proximal and
distal dendrites (Figure S5D). Acute MF blockade with mGluR2
agonists LY487379 (5 mM) or DCGIV (10 mM, data not shown)
significantly decreased the number of large amplitude mEPSCs
observed in TTX-treated neurons (events/minute: baseline,
58.2 ± 21.8; LY487379, 23.5 ± 11.8, p = 0.032, paired t test
versus baseline), without altering the number of small amplitude
events (<20 pA) (Figures 5E, 5F, and S5E). MF blockade also
abolished the significant differences in mEPSC amplitude ob-
served with homeostatic adaptation (in pA, baseline: NT 8.5 ±
0.92, TTX 11.5 ± 1.0, PTX 6.1 ± 0.52; p < 0.01, one-way
ANOVA; LY487379: NT 8.1 ± 0.86, TTX 10.0 ± 0.67, PTX 6.9 ±
1.2; p = 0.08) (Figure 5G), suggesting that changes in MF trans-
mission largely account for the observed homeostatic changes
in amplitude.
Presynaptic Upregulation of Synaptoporin Is Required
for HSP
To confirm that SPO-positive MF terminals innervate CA3 neu-
rons in vitro, we immunostained GFP-transfected neurons with
SPO and the CA3-specific marker, Py. SPO-positive boutons
from GFP-transfected DG neurons preferentially targeted Py-
positive CA3 cells (80%; Figures S6Aand S6B), reflecting a
high specificity of DG-CA3 synaptic connections in culture.
To test the requirement of MF upregulation for inactivity-
induced TE formation, we used RNA interference (RNAi)-medi-
ated knockdown of SPO (validated in Figures S6C–S6E).
Neurons were transfected with control vector (pLL3.7), SPO-
shRNA, or SPO-shRNA with an RNAi-insensitive SPO rescue
construct for 2 days before 24 hr of TTX treatment. MF axonalNeuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc. 105
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Figure 4. Inactivity Induces Proximal Giant Cluster Synapses
(A) Confocal images of proximal dendrites fromGFP-expressing nontreated (NT) and TTX-treated cultured hippocampal neurons (21 DIV) immunostained against
GFP fill (green) and PSD-95 (red). Right, higher magnification view of a giant spine showing method for quantifying spine head area (yellow line) and spine length
(red). Scales, 5 mm for dendrites, 1 mm for inset.
(B) Average spine head area in proximal and distal dendrites of control (NT) and TTX-treated neurons. ***p < 0.001 (n = 8). Data are means ± SEM.
(C) Cumulative distribution of spine head areas in proximal dendrites of control and TTX-treated neurons; ***p < 0.005, K-S test (NT = 322 versus TTX = 337
spines). Note the non-multiplicative shift occurring preferentially in the larger spine population (indicated with dotted lines).
(D) 3D confocal microscopy reconstruction of Shank immunostaining from a TTX-treated neuron showing a simple synapse (left) and neighboring giant cluster
synapses. Values indicate number of PSD lobes per cluster (see Experimental Procedures for calculation). Below, common arrangements of clusters (arrow
indicates simple synapse). Scale, 1 mm.
(E) Correlation between total number of excitatory synapses in proximal dendrites and number of clusters for control (NT) and TTX-treated neurons at 4, 24,
and 72 hr. Open symbols, individual neurons; filled symbols, mean population values ± SEM.
(F) Time course of Shank immunostaining in TTX-treated neurons. Scale, 20 mm.
(legend continued on next page)
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Figure 5. Inactivity Promotes Mossy Fiber-
TE Synapse Upregulation
(A and C) Control (NT) or TTX-treated CA3 neurons
(DIV 24) stained for endogenous PSD-95 (green)
with either (A) TE puncta adherentia protein,
l-afadin (red) or (C) presynaptic mossy fiber
protein, synaptoporin (SPO, red). Scale, 20 mm.
High magnification views show two representative
proximal cluster synapses with merged costain-
ing. Scale, 1 mm.
(B and D) Quantification of immunoreactivity for
(B) l-afadin or (D) SPO in control or TTX-treated
proximal and distal dendrites (n = 10–11). *p <
0.05, ***p < 0.001.
(E) Representative 5 s voltage-clamp traces of
mEPSCs recorded from control (NT) or TTX-
treated neurons before (left) and after (right) acute
mossy fiber blockade with LY487379. Red dotted
line, 20 pA cutoff for small versus large events.
(F) Average number of large (>20 pA, left) and small
amplitude (<20 pA, right) events per minute re-
corded from control or activity-modulated neurons
before and after LY487379 (n = 8). *p = 0.032.
(G) Average mEPSC amplitude before and after
LY487379 application; ns, p = 0.08; **p < 0.01
(n = 59).
Data are means ± SEM except in (F) (means ± SD).
See also Figure S5.
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapsesprocesses from GFP-expressing DG neurons were traced to
identify the postsynaptic contacts of SPO-positive terminals
(Figure 6A, S6A, S6B, and S6F). Following TTX treatment, MF
boutons (circles in Figure 6A) contacted the large PSD-95 immu-
noreactive puncta in proximal CA3 dendrites. SPO knockdown in
presynaptic MF terminals abolished TTX-mediated enlargement(G) TTX-treated neuron immunostained for presynaptic synaptophysin (Syn, red) and postsynaptic Shank (gre
Shank and Syn giant clusters. Scale, 1 mm.
(H) Syn integrated intensity (solid lines) and number of Syn puncta (dotted lines) in proximal and distal de
versus NT.
Data are means ± SEM. See also Figure S4.
Neuron 77, 99–11of apposed PSD-95 puncta, while coex-
pression of SPO-shRNA and SPO rescue
constructs restored the TTX-induced
increase in PSD-95 puncta intensity in
proximal CA3 synapses (Figures 6A–6C)
(pLL3.7 1.0 ± 0.11; pLL3.7+TTX 1.8 ±
0.28; SPO shRNA 0.4 ± 0.06; SPO
shRNA+TTX 0.6 ± 0.08; SPO shRNA+
rescue 1.8 ± 0.22; SPO shRNA+rescue+
TTX 2.4 ± 0.34; p < 0.05, one-way
ANOVA and Tukey test). SPO knockdown
and rescue had no effect on MF bouton
size, however (Figure 6C) (pLL3.7 1.1 ±
0.09 mm2; pLL3.7+TTX 1.2 ± 0.08; SPO
shRNA 1.2 ± 0.13; SPO shRNA+TTX
1.1 ± 0.08; SPO shRNA+rescue 1.0 ±
0.09; SPO shRNA+rescue+TTX 0.9 ±
0.09; p > 0.15, one-way ANOVA).
Together, these findings suggest thatSPO function is required for inactivity-induced upregulation of
presynaptic MF function and subsequent expansion of postsyn-
aptic TE, but not for structural enlargement of MF terminals.
We next examined the functional consequences of SPO
knockdown and rescue by recording AMPAR-mEPSCs from
the postsynaptic targets of GFP-expressing DG neurons. TTXen). Scale, 5 mm. Below, highmagnification views of
ndrites of NT or TTX neurons; ***p < 0.001, t test
4, January 9, 2013 ª2013 Elsevier Inc. 107
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Figure 6. Presynaptic Synaptoporin Is Required for Homeostatic Adaptation to Inactivity
(A) PSD-95 (red) immunolabeling of untransfected CA3 neurons receiving presynaptic innervation from synaptoporin (SPO)-positive mossy fiber terminals
originating from GFP-expressing dentate granule (DG) cells transfected with vector control (pLL3.7), SPO shRNA, or SPO shRNA and SPO rescue construct.
Circles indicate large GFP-positive presynaptic mossy fiber boutons. Scale, 20 mm.
(B) Normalized PSD-95 puncta intensity in CA3 neurons opposing GFP-positive mossy fiber boutons transfected with vector control, SPO shRNA, or SPO
shRNA+rescue construct, and treated as shown; n = 12, *p < 0.05, **p < 0.01.
(C) Mossy fiber bouton size from GFP-positive DG neurons transfected with constructs and treated as indicated.
(legend continued on next page)
Neuron
Homeostatic Plasticity of Mossy Fiber-CA3 Synapses
108 Neuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc.
05
10
15
20
Sp
in
es
 / 
10
 
m
Control
Dzp
PTX
F
0
1
2
3
4
5
6
# 
pr
ox
im
al
 T
E
0
2
4
6
8
10
In
di
vid
ua
l T
E 
ar
ea
 (
m
2 ) 
0
10
20
30
40
To
ta
l T
E 
ar
ea
 (
m
2 )
*
*
*
*
Dzp PTXNTDzp PTXNTDzp PTXNT
C DB
WT
DN-Plk2
A
NT
Dzp
PTX
0
1
2
3
4
5
6
# 
pr
ox
im
al
 T
E
0
2
4
6
8
In
di
vid
ua
l T
E 
ar
ea
 (
m
2 ) 
0
10
20
30
40
To
ta
l T
E 
ar
ea
 (
m
2 ) * **
N
T
D
zp
PT
X
0
5
10
15
Sp
in
es
 / 
10
 
m
NT
Dzp
PTX
N
T
D
zp
PT
X
CA
1 
di
st
al
CA
3 
di
st
al
E NT
CA
3 
pr
ox
im
al
I
H
CA
3 
pr
ox
im
al
G
K LJ
Figure 7. Network Activity and Plk2 Regu-
late TEs In Vivo
(A) Golgi staining of representative proximal apical
dendrites of CA3 pyramidal neurons in 3-month-
old mice after chronic (14 days) injection of vehicle
control (NT), diazepam (Dzp), or PTX (n = 5–6mice/
condition). Scale, 20 mm.
(B–D) Quantification of total TE area (B), individual
TE area (C), and average number of TE (D) within
proximal (<30 mm from soma) apical CA3 den-
drites (n = 17–20 neurons from 5–6 mice/condi-
tion). *p < 0.05.
(E and G) Golgi staining of representative distal
apical dendrites of CA3 (E) or CA1 (G) pyramidal
neurons in 3-month-old mice after chronic
(14 days) injection of vehicle control (NT), diaz-
epam (Dzp), or PTX. Scale bars, 5 mm.
(F and H) Average distal dendritic spine density
(#/10 mm) from CA3 (F) and CA1 (H) neurons. Data
expressed as average ± SEM of animal means (n =
5–6 mice/condition; 2–3 neurons/animal).
(I) Representative proximal apical CA3 dendrites
from control wild-type (WT) mice and dominant
negative-Plk2 (DN-Plk2) transgenic littermates.
(J–L) Total TE area (J), individual TE area (K), and
average number of TE (L) within proximal (<30 mm)
apical dendrites (n = 12–13 neurons from 5 mice/
genotype). *p < 0.05, **p < 0.01.
Scale, 20 mm. Data are means ± SEM. See also
Figure S7.
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapsestreatment induced a significant increase in both mEPSC ampli-
tude and frequency in DG targets (Figures 6D–6F) (pLL3.7:
17.2 ± 0.34 pA, 9.5 ± 1.6 Hz; pLL3.7+TTX: 23.0 ± 1.4 pA,
19.9 ± 1.8 Hz; p < 0.01 versus pLL3.7, one-way ANOVA and
Tukey test). SPO knockdown in presynaptic DG cells prevented
the TTX-induced increase in both mEPSC amplitude and fre-
quency (SPO shRNA: 16.3 ± 0.4 pA, 9.6 ± 0.8 Hz; SPO shRNA+
TTX: 16.9 ± 0.4 pA, 12.0 ± 1.3 Hz, p > 0.05 versus pLL3.7, ++p <
0.01 versus pLL3.7+TTX), while SPO rescue alone was sufficient
to elevate mEPSC amplitude and frequency to TTX levels (Fig-
ures 6D–6F) (SPO shRNA+rescue: 22.1 ± 0.6 pA, 17.8 ±
1.9 Hz; SPO shRNA+rescue+TTX: 21.1 ± 1.7 pA, 23.2 ± 3.4 Hz;
p < 0.05 versus pLL3.7, p > 0.05 versus pLL3.7+TTX). Taken
together, these results indicate that presynaptic SPO is neces-
sary and sufficient for the homeostatic upregulation of mossy
fiber-CA3 synapses.
Physiological Regulation of Thorny Excrescences
In Vivo
To test whether activity also regulates TEs in vivo, we altered
neuronal activity in 3-month-old wild-type (WT) mice via chronic
pharmacological manipulation of network inhibition. Activity was
globally enhanced with the GABAA receptor antagonist PTX,
delivered at sub-seizure threshold doses (1 mg/kg, i.p.), or(D) Representative 10 s voltage-clamp trace of AMPAR-mEPSCs recorded from
with constructs indicated prior to treatment with vehicle (NT) or TTX.
(E and F) Average amplitude (E) and frequency (F) of AMPAR-mEPSCs recording f
fromGFP-positive mossy fibers of DG cells transfected with constructs indicated.
(n = 6–11).
Data are means ± SEM. See also Figure S6.dampened with the GABAA receptor positive allosteric modu-
lator diazepam (Dzp, 2 mg/kg, i.p.). We confirmed that, similar
to TTX, diazepam (Dzp, 1 mM, 24 hr) induced the formation of
giant proximal synapses in vitro (Figures S7A and S7B). After
2 weeks of daily injection of Dzp, PTX, or vehicle control, we
used Golgi staining to examine the effects of chronic network
activity modulation on dendritic spine morphology in the adult
mouse hippocampus (Figures 7A, 7E, and 7G). We observed
that network activity bidirectionally altered TE morphology in
proximal dendrites of CA3 neurons (Figures 7A and 7B): total
TE area was dramatically larger following chronic inactivity and
smaller following chronic hyperactivity when compared to
vehicle control-treated mice (NT 19.8 ± 1.4 mm2, Dzp 30.9 ±
3.5, PTX 12.6 ± 2.1; p < 0.05, t test versus NT). Chronic inactivity
significantly increased the size of individual TEs (NT 4.1 ±
0.33 mm2, Dzp 6.4 ± 0.72, PTX 3.9 ± 0.65; p < 0.05) (Figure 7C),
while chronic hyperactivity significantly decreased the number of
proximal TEs (NT 4.8 ± 0.20 TE, Dzp 4.8 ± 0.49, PTX 3.6 ± 0.32;
p < 0.05) (Figure 7D), likely because individual TE size shrank
below the morphological criterion for scoring protrusions as
TEs rather than spines (see Experimental Procedures).
To determine whether network activity specifically regulates
TE morphology, we examined dendritic spines in the distal api-
cal dendrites of CA3 (Figures 7E and 7F) and CA1 (Figures 7Guntransfected targets of GFP-positive mossy fibers. DG cells were transfected
rom untransfected control (NT) and TTX cells receiving presynaptic innervation
*p < 0.05, **p < 0.01 versus NT; ns = p > 0.05, +p < 0.05, ++p < 0.01 versus TTX
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapsesand 7H) pyramidal neurons. We observed no significant differ-
ences in spine density (Figures 7F and 7H) (CA3: NT 10.1 ± 0.40
spines/10 mm, Dzp 10.8 ± 0.41, PTX 10.1 ± 0.50; p = 0.46; CA1:
NT 6.8 ± 0.19, Dzp 7.2 ± 0.34, PTX 6.9 ± 0.29; p = 0.58; one-
way ANOVA), spine head area (Figures S7C and S7E) or spine
length (Figures S7D and S7F) in distal CA3 or CA1 dendrites.
The proximal apical dendrites of CA1 neurons are normally
devoid of spines and we observed no increases in spine density
with Dzp (data not shown). These results suggest that global
network activity bidirectionally and preferentially alters TE mor-
phology and structural plasticity in the adult hippocampus.
To examine the mechanisms of proximal homeostatic TE
regulation, we investigated the role of Plk2, an activity-inducible
kinase which displays a striking high-proximal to low-distal
gradient of expression upon induction (Pak and Sheng, 2003)
and is known to mediate homeostatic spine and synapse loss
(Lee et al., 2011; Pak and Sheng, 2003). In vitro, overexpression
of Plk2 induced downregulation of proximal but not distal
synapses under basal conditions (Pak and Sheng, 2003) and
blocked giant cluster synapse formation in TTX-treated cultured
neurons (Figures S7G and S7H). Conversely, overexpression of a
dominant-negative kinase-dead Plk2 mutant (DN-Plk2) induced
significant increases in proximal, but not distal, Shank immuno-
reactivity under basal conditions (Figures S7G and S7H). These
results suggest that Plk2 mediates the selective homeostatic
adaptation of proximal synapses in mature hippocampal neu-
rons, by negatively constraining proximal TE expansion.
We therefore analyzed TEmorphology in previously generated
transgenic mice with forebrain-specific expression of DN-Plk2
(Lee et al., 2011). Golgi analysis revealed that CA3 TE area was
massively enlarged in 3-month-old DN-Plk2 transgenic mice
compared to WT littermates (WT 18.9 ± 2.9 mm2, DN-Plk2
33.2 ± 4.0, p < 0.05, t test versus WT) (Figures 7I and 7J). Similar
to the TE overgrowth induced by diazepam, we observed signif-
icant increases in individual TE area in DN-Plk2 transgenic
animals (WT 5.1 ± 0.41 mm2, DN-Plk2 7.0 ± 0.18, p < 0.01) (Fig-
ure 7K), with no change in proximal TE number (WT 3.8 ± 0.52,
DN-Plk2 4.5 ± 0.42, p = 0.32) (Figure 7L). Activity-dependent
expression of Plk2 within proximal dendrites may thus link syn-
aptic activity level to homeostatic regulation of TE in vivo.
DISCUSSION
We demonstrated that in mature hippocampal neurons, HSP of
excitatory synapses is not globally distributed but highly local-
ized, occurring predominantly at proximal synapses between
CA3 and DG neurons. This functional division of homeostatic
adaptation underscores the importance of differentiating cell
type for in vitro studies. Chronic inactivity generated in vitro
TEs, which paralleled in vivo excrescences with respect to
morphology, number and size; pre- and postsynaptic molecular
composition; cell-type specificity; and functional synaptic prop-
erties. Moreover, activity modulation bidirectionally induced
similar compensatory structural plasticity in hippocampal CA3
TEs in vivo. The robust expansion of TEs in response to a variety
of inactivity regimes suggests TE are designated homeostatic
gain control structures that boost excitatory drive in the mature
hippocampus.110 Neuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc.Dendritic Subcompartmentalization of Plasticity
Our results shed light on the observation that neurons undergo
a developmental switch from synaptic scaling in young neurons
to nonmultiplicative HSP in mature preparations (Figure 8A). In
relatively young neurons (DIV11), CA3 neurons express a global
scaling of excitatory synapse size in response to TTX. Following
the bulk of synaptogenesis (>21 DIV), CA3 neurons lose the
ability to undergo scaling, and proximal synapses appear to
assume responsibility as a primary locus of homeostatic plas-
ticity. This conclusion is supported by morphological analysis
of excitatory synapses and dendritic spines, as well as by direct
local stimulation of proximal and distal dendrites. Chronic inac-
tivity produced fast and exceptionally large amplitude AMPAR-
mEPSCs that are unlikely to originate in distal dendrites, due
to distance-dependent attenuation of current amplitude and
kinetics (Forti et al., 1997; Magee and Cook, 2000). These larger,
faster currents cannot be explained by a subunit switch to higher
conductance, faster GluA1 homomeric AMPARs (Thiagarajan
et al., 2005), as philanthotoxin-433 blockade of GluA2-lacking
receptors did not return mEPSC amplitude or rise times to con-
trol levels. Collectively, these multiple independent approaches
argue that proximal excitatory synapses are the principal targets
of regulation with chronic activity modulation.
The existence of potent HSP mechanisms in proximal den-
drites does not exclude a role for distal synapses in HSP of
mature neurons. Indeed, mEPSC frequency seems to be more
globally downregulated in PTX, consistent with previous studies
showing that the activity-inducible homeostatic negative regu-
lator Plk2 is capable of mediating neuron-wide reductions in
surface GluA2 levels (Evers et al., 2010), in addition to negatively
regulating proximal dendritic TEs. This global phenomenon with
chronic overactivity may reflect the more limited dynamic range
for homeostatic downregulation of proximal synapses compared
to their remarkable potential for expansion. Since hyperactivity
poses an excitotoxic threat, it is likely that multiple homeostatic
adaptations work in series or parallel (Pozo and Goda, 2010). It is
also possible that regulation of distal dendritic synapses could
be marshaled as a secondary layer of HSP control on a slower
timescale, for example in the face of extremely prolonged
periods of inactivity that cannot be surmounted by proximal
mechanisms alone.
Excrescences as Homeostatic Gain Control Synapses
We envision that the compartmentalization of HSP to the prox-
imal dendrites of CA3 neurons offers several advantages, being
logistically efficient and bioenergetically conservative. TEs have
a theoretical cell-wide dynamic range of several thousand TE
synapses per CA3 neuron, efficaciously situated near the soma
and axon hillock where incoming dendritic signals are integrated
into a firing decision. TEs may powerfully modulate neuronal
excitability by selectively altering the number and strength of
the strongest synaptic population, as assessed by AMPAR
abundance and mEPSCs amplitude, PSD and dendritic spine
size, presynaptic terminal strength, and synaptic location.
TE enlargement occurred without change in the number
of boutons or dendritic spines, suggesting modulation of pre-
existing synapses with inactivity. However, as TE synapses
exhibit divided pre- and postsynaptic clusters, it is likely that
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Figure 8. Proposed Homeostatic Gain Con-
trol Locus at Mossy Fiber-CA3 Synapses
(A) Schematic diagram of homeostatic regulation
in developing (DIV 11, left) and mature (DIV 21,
right) hippocampal neurons.
(B) Model showing molecular mechanisms of
selective synaptic adaptation between mossy
fibers (MF) and TEs in mature neurons. Hyperac-
tivity (PTX): presynaptic Ca2+ influx leads to
diminished MF expression of synaptoporin (SPO)
and less vesicular release. Postsynaptic Ca2+
influx induces Plk2 expression, depletion of PSD
components, and synaptic loss. Inactivity (TTX):
decreased presynaptic Ca2+ influx increases
SPO expression and vesicular release in mossy
fibers. Diminished postsynaptic Ca2+ influx
induces l-afadin expression and burgeoning of
PSDs, increasing the number of synaptic sites.
GluA1 homomers may be incorporated into
nascent synapses while existing synapses are
strengthened by GluA1/2 heteromers.
(C) Simplified hippocampal circuit diagram with
MF-TE gain control (orange). Information enters
the hippocampus from the entorhinal cortex (EC)
via the perforant path (PP) which innervates den-
tate granule (DG) cells as well as distal CA3 and
CA1 dendrites. Hebbian plasticity may occur in
distal dendrites receiving recurrent (associational-
commissural [A–C] CA3-CA3) and throughput (PP-
CA3/CA1 and CA3-CA1) innervation. Homeostatic
plasticity occurs at the proximal synapses of
CA3 neurons which receive mossy fiber input from
DG neurons.
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapseshomeostatic regulation in older CA3 neurons occurs by expan-
sion or shrinkage in the number of adjacent pre- and postsyn-
aptic appositions within a given multisynaptic TE. In this manner,
the mature CA3 neuron can preserve the physical MF contact
which had been established through the normal developmental
process of synaptogenesis, while efficiently altering the weight-
ing of the connection over a wide dynamic range (0–40 synaptic
equivalents). Indeed, profound increases in the number of dis-
crete synaptic sites with expansion of TEs provides a mecha-
nism for the inactivity-induced increase in mEPSC frequency
observed in older hippocampal cultures in this work and previ-
ously by others (Burrone et al., 2002; Echegoyen et al., 2007;Neuron 77, 99–11Han and Stevens, 2009; Murthy et al.,
2001; Thiagarajan et al., 2005; Wierenga
et al., 2006).
Occasional TEs were observed under
normal growth conditions in vitro (Fig-
ure 4B), suggestive of basal adaptation
to local pockets of inactivity that may
result from heterogeneity in cell density
or innervation in culture (Liu and Tsien,
1995). Thus, the homeostatic conditions
we imposed are likely exaggerated
versions of naturally occurring and physi-
ologically relevant modes of regulation.
The higher incidence of TEs in vivo thanin vitro is consistent with the higher level of spontaneous excit-
atory activity in cultured neurons relative to the in vivo hippo-
campus, estimated with ex vivo recordings (Kim and Tsien,
2008; Echegoyen et al., 2007).
Molecular Mechanisms of Excrescence Formation
How are TEs and the proximal-dendritic homeostatic com-
partment established? TE formation, like previously reported
homeostatic adaptation (Ibata et al., 2008), occurred in response
to depletion of intracellular calcium levels, as shown by chelation
and store depletion manipulations. Negative regulation of TE
expansion is afforded by activity-dependent production of4, January 9, 2013 ª2013 Elsevier Inc. 111
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Homeostatic Plasticity of Mossy Fiber-CA3 Synapsesproximally expressed Plk2, which prunes TE size in proportion to
the level of overactivity experienced.
Presynaptic synaptoporin was required for functional MF
upregulation, and also provides instructive signals necessary
for postsynaptic TE formation and/or growth. These data provide
a new homeostatic role for synaptoporin, whose precise physio-
logical function has remained unclear. Synaptoporin cofraction-
ates with synaptic vesicles and is related to synaptophysin, but
the expression pattern of synaptoporin is much more restricted
to specific subpopulations of neurons (Singec et al., 2002).
Futureworkwill be required to determine the downstreamsynap-
toporin signaling cascades that mediate homeostatic regulation.
Interestingly, blockade of GluA1 homomeric AMPARs with
philanthotoxin-433 slightly increased mEPSCs amplitudes fol-
lowing inactivity, suggesting that GluA1 homomers are located
at relatively weak synapses. The expansion in the number of
postsynaptic sites may therefore involve GluA1 homomeric
insertion into newly generated PSDs, while existing PSDs are
strengthened with GluA1/2 heteromers (Figure 8B). Together,
these molecular studies strongly support the idea that giant
cluster synapses in vitro correspond to MF-TE synapses, and
that these unique synapses may therefore mediate HSP in vivo.
Excrescences in ‘‘Circuit-Level’’ Homeostatic Gain
Control of Mature Neurons
Identification of TEs as homeostatic controllers suggests that
the locus of HSP is centered on mossy fiber-CA3 synapses in
mature hippocampus, which has important implications for
the interplay between the highly organized cytoarchitecture of
hippocampal circuit elements and the computations they sub-
serve. In this scenario, perforant path input from entorhinal
cortex may encode information in distal dendrites of CA3 pyra-
midal neurons (Figure 8C), while strong, sparse inputs from DG
mossy fibers force new information into established CA3 recur-
rent networks during learning. Indeed, computational studies
have suggested that two distinct input systems are essential
for the memory-forming and -retrieving functions of the CA3
network (Treves and Rolls, 1992). The strength of MF inputs
from DG onto CA3 neurons can be selectively adjusted to reflect
the overall network state. Such proximal dendritic gain control
of CA3 neuronal input is proposed to ‘‘gate’’ perforant path input
to the hippocampus proper, analogous to negative feedback
controller elements in circuit design. To help prevent runaway
excitation, upregulation of the MF-TE throughput synapse may
be balanced by compensatory reduction in recurrent associa-
tional-commissural CA3 fibers to help stabilize the intact circuit
(Kim and Tsien, 2008; Mitra et al., 2012).
Importantly, this strategy solves the problem of interference of
HSP with Hebbian plasticity, as independently tuning proximal
CA3 synapses would not interfere with differential synaptic
weights established via recurrent associative pathways in the
remainder of the CA3 dendritic arbor or elsewhere in the hippo-
campal network. Thismodel is supported by the observation that
infusion of TTX into the adult hippocampus in vivo does not alter
AMPAR mEPSC amplitude in CA1 pyramidal neurons but does
increase mEPSC frequency (Echegoyen et al., 2007), suggesting
that CA1 cells may follow presynaptic adaptation occurring in
CA3. Proximal cluster synapses in vitro, as well as in vivo TEs112 Neuron 77, 99–114, January 9, 2013 ª2013 Elsevier Inc.(Reid et al., 2001), are relatively lacking in NMDARs, further sup-
porting the idea that proximal TEsmay be specialized for homeo-
static, but not associative plasticity. It is tempting to speculate
that a dedicated homeostatic role for MF-CA3 synapses may
also explain why the hippocampal CA3 region is particularly
susceptible to, and remodeled by, epileptiform activity (Tauck
and Nadler, 1985).
In conclusion, we have described a conceptual framework of
dendritic homeostatic plasticity zones and identified physiolog-
ical functions for TEs as HSP gain control devices in mature
CA3 hippocampal neurons. The ability to generate excrescences
in vitro should accelerate themolecular dissection of these struc-
tures and facilitate elucidation of associated HSP mechanisms.
EXPERIMENTAL PROCEDURES
Cultures, Viral Infection, and RNAi Transfection
Hippocampal cultures prepared from E19 rat embryos were treated at >21 DIV
with vehicle control, TTX (1 mM), or PTX (100 mM) for 24 hr. For RNA interfer-
ence, neurons were transfected at >DIV 20 for 2–3 days prior to treatment
with TTX or vehicle control. For viral infection, neurons were transduced
between 20 and 22 DIV for 18 hr with EGFP, wild-type Plk2, or dominant-
negative Plk2 cloned into the pSinRep5 Sindbis virus vector (Invitrogen).
Immunocytochemistry and Imaging
Hippocampal cultured neurons were fixed and processed for standard immu-
nocytochemistry. For intensity measurement and spine morphology analysis,
images were acquired using an Axiovert 200M (Zeiss) for conventional epi-
fluorescence and Fluoview FV-300 confocal microscope (Olympus), respec-
tively. Confocal z series image stacks encompassing entire dendrite segments
were analyzed using MetaMorph software (Molecular Devices). Three dimen-
sional reconstructions were created using Neuron Studio (CNIC, Mount Sinai
School of Medicine) or Volocity (Improvision) software packages.
Morphological Characterization of Cell Types
CA3 neurons were identified using Py antibody immunocytochemistry (Wood-
hams et al., 1989). DG neurons were positively immunostained using Prox1
(all DG neurons) and/or CTIP2 (most DG neurons), while CA1 neurons were
immunostained using CTIP2 (Williams et al., 2011). Costaining for excitatory
synaptic markers Shank or PSD-95 revealed neuronal morphology, allowing
for rapid morphological characterization of the 3 principal cell types (see
Supplemental Experimental Procedures for description).
Electrophysiology
Neurons were transferred into room temperature extracellular solution con-
taining (in mM) 145 NaCl, 2.5 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 5 glucose,
and 25 sucrose (330 mOsm, pH 7.4). Whole-cell patch-clamp recordings
weremadewith 3–5MU (Narishige) borosilicate pipettes containing potassium
gluconate-based internal solution. Data were collected with an Axiopatch-ID
amplifier, Bessel filtered at 2 kHz and digitized at 10 kHz using a Digidata
1440A and Clampex10 software (all from Molecular Devices). Synaptic
currents were detected offline using MiniAnalysis (Synaptosoft). For local
synaptic stimulation experiments, 2–5 MU pipettes were filled with extracel-
lular solution containing 2 mM Ca2+ and 500 mM sucrose, and positioned
directly above isolated dendrites. Positive pressure released a plume of hyper-
osmolar solution (visible with DIC optics) (Bekkers and Stevens, 1996; Magee
andCook, 2000). For a subset of experiments, local stimulation was performed
in the presence of TTX/BMR with kynurenic acid (200 mM). See Supplemental
Experimental Procedures for identification of cell types for recording.
Animals and In Vivo Activity Manipulation
Adult mice (C57BL/6, three months old) received a daily intraperitoneal injec-
tion for 2 weeks of either PTX (1 mg/kg, i.p.) or diazepam (Dzp, 2 mg/kg,
i.p.). Brain tissues were stained using the FD Rapid Golgi Stain kit (FD
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Homeostatic Plasticity of Mossy Fiber-CA3 SynapsesNeurotechnologies). Serial brain slices (150 mm) were prepared using a
Vibratome (Campden Instruments). Z series image stacks were used to
produce composite images (Adobe Photoshop). Number, size, and total
area of dendritic spines were analyzed using MetaMorph software (Molecular
Devices). All animal use (mice and pregnant rats) was conducted in accor-
dance with the Georgetown University Animal Care and Use Committee.
Statistical Analysis
All data represent mean ± SEM unless otherwise indicated. For two-sample
comparisons versus controls, unpaired Student’s t test was used. Kolmo-
gorov-Smirnoff (K-S) tests were used for cumulative distributions. For two-
sample comparisons within neurons, paired Student’s t tests were used.
One-way ANOVA and post hoc Tukey tests were used for significance calcu-
lations with multiple comparisons.
Detailed methods are available in Supplemental Experimental Procedures
online.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2012.10.033.
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